Operation of atmospheric discharge of electronegative gases including air at low voltages yet without consuming any inert gas will enormously promote the application of non-thermal plasmas. By taking advantage of the low onset voltage for helium corona, air discharge was successfully launched at much reduced voltages with a needle-plate system partly contained in a helium-filled glass bulb-for a needle-plate distance of 12 mm, 1.0 kV suffices. Ultraviolet emission from helium corona facilitates the discharging of air, and the discharge current manifests distinct features such as relatively broad Trichel pulses in both half periods. This design allows safe and economic implementation of atmospheric discharge of electronegative gases, which will find a broad palette of applications in surface modification, plasma medicine and gas treatment, etc.
I. INTRODUCTION
Low-temperature plasma is a very important physical means that can provide multifaceted applications in fabrication, air purification, sanitation of water, treatment of surfaces of various materials including the human body, to name just a few. [1] [2] [3] [4] [5] Since the sustainment of plasma depends on the continuous ionization of a gas or gas mixture, low pressure is more favorable, and at low pressure, it is also easy to achieve a satisfactory homogeneity over large area. For a typical operation condition of a base pressure below 10 À3 Pa, a large part of the cost is wasted on the acquirement and maintenance of vacuum. In order to reduce the expense associated with vacuum systems, many atmospheric nonthermal plasmas have been explored, e.g., plasmas that have been generated by employing the dielectric barrier discharge or corona discharge. 6, 7 However, to generate and sustain a plasma at atmospheric pressure is by itself a challenge, and also a luxury. For most cases of plasma application as in the treatment of material surfaces, the working gases are generally electronegative, and attachment of electrons to the molecules of electronegative gases slows down the ionization, thus it requires the use of helium or argon to facilitate the launching and stabilization of the plasma. Clearly, such processes are not suitable for large-scale industrial usage since inert gases are rare and precious. A method of generating plasma of electronegative gases, in particular of air, without consuming any inert gases will undoubtedly profit the application of non-thermal plasmas.
Inspired by our own research on gas discharges, especially on the behavior of atmospheric pressure plasma jet of helium, [8] [9] [10] we realized that inert gases are the most favorable working gas for the discharge is due to the following two features. The first factor is their electropositivity. Since electrons are not attached to the inert atoms, the effective ionization coefficient could be larger. Second, the inert gases manifest some metastable states of a quite high energy, e.g., He (2 3 S 1 ) and He (2 1 S 0 ) for helium, 11 thus the numerous excited atoms can provide more seed electrons to sustain the discharge through Penning process, in conjunction to the photoelectric effect by the ultraviolet emission. When an inert gas is mixed into the electronegative working gases, it can facilitate the maintenance of a discharge at lowered voltages and helps generate a somehow homogeneous discharge. However, this operation mode is really expensive since the inert gases only play an auxiliary role, and the true reaction at the surface comes from working gases such as oxygen, ammonia, methane, silane, etc. In other words, the consumption of inert gases is in all senses a waste. Can the inert gases be applied to help generate a plasma of electronegative gases without being consumed? If the inert gases can be applied in a way that it can considerably reduce the onset voltage at the same time, this will lead to a safe and economic implementation of various plasmas. This is of particular importance for atmospheric plasmas of air.
In this article, we report the generation of air discharge at much reduced voltages in a needle-plate system housed by a helium-filled glass bulb. The ultraviolet emission from the helium corona, which occurs at a quite low field in the vicinity of the needle, helps to ignite the discharge of air. Dielectric charging and metastable-surface effects may also play a part in facilitating the breakdown of the surrounding air. For a tip-plate distance of 7 mm, the onset voltage was brought down to 550 V. The air discharges thus generated also display some distinctive features in the discharge current.
II. EXPERIMENTAL
The experimental setup for the launch and study of helium corona-assisted air discharge is illustrated in Fig. 1 . In comparison to the conventional needle-plate discharge system, the needle in the current work was put inside a 15 mm long, double-walled quartz glass bulb, with helium hermetically sealed within the interlayer between the concentric walls, 1 mm thick, of the glass bulb. The inner diameter of the inside cylinder of the glass bulb is 2 mm, while the outer diameter of the outside cylinder is 8 mm, thus the a)
Author to whom correspondence should be addressed: Electronic mail: zxcao@aphy.iphy.ac.cn. sandwiched helium layer is 1 mm in thickness. The metal needle is 1.0 mm in diameter, at the tip the radius is $0.1 mm, and was mounted along the axis of the glass bulb with the needle tip lying at roughly the geometric center of the bulb. A plate electrode of copper, 9 Â 12 mm 2 in dimension, was positioned at 5 mm away from the near end of the glass bulb, thus the distance between the plate electrode and the needle tip is $12 mm. For the operation of air discharge, a sinusoidal power supply at 20 kHz was applied, of which the output voltage (effective value throughout this article) is tunable between 0 and 10 kV. An oscilloscope (Tektronix DPO 4104) was used to monitor the applied voltage and the discharge current in each 1 ns: the voltage applied onto the needle was read through a HV probe (P6015A), while the discharge current was obtained from the measurement of voltage on a resistor, R ¼ 90 X, attached to the plate electrode, see Fig. 1 .
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III. RESULTS AND DISCUSSION
With the setup described above, we succeeded in launching air discharge at much reduced voltages. We see that when the applied voltage was increased to 850 V, emission from the helium corona appeared, but no discharge could be measured in the needle-plate system. When the voltage was raised to 1.1 kV, light from the helium corona filled the space enclosed by the glass bulb, and pulsed discharge current could be measured in the needle-plate system, indicating that there is now discharge of air-remember that the tip-plate distance was set at 12 mm. Tuning the applied voltage back to 1 kV, both helium corona inside the interlay of the glass bulb and the air discharge between the needle and the plate electrode were still sustainable. This is a large step in reducing the onset voltage, as we know that the break-down field for atmospheric air in the plane gap is 26 kV/cm, in between coaxial cylinders it is even higher. On the oscillogram of discharge current for 1 kV (see Fig.  2 ), one Trichel pulse can be observed in each half of the period of the applied voltage. Unlike the streamer in conventional atmospheric discharges, here the front slope of the pulse is rather retarded-it takes over 150 ns. The half-width of the pulse approaches 500 ns. With increasing voltage, the pulse height displays a moderate enhancement, but quite remarkably, the number of pulses within a period of the applied voltage multiplies. In fact, at voltages from 2 kV on, the number of pulses on the oscillogram of discharge current keeps growing. At 5 kV, some sharp spikes appear among the thicket of pulses at random positions, and they also multiply at further elevated voltages. These spikes arise from a different mechanism than the numerous pulses on the discharge current, perhaps via a streamer process between the needle and the plate. The discharge current in the spikes, which emerge sporadically, shows violent oscillation in the back slope (Fig. 2(c) ), which may result from the plasma oscillation following the steep rise of the discharge current. 12 The spikes correspond to the streamer process and propagate quite fast. In contrast, the broad pulses at low voltages are related to the corona process, where the discharge current propagates via ion diffusion, thus being weak and slow. In order to evaluate the assisting effect of the helium corona on the atmospheric air discharge, we instigated the behavior of air discharge with the same setup illustrated in Fig. 1 but without the helium-filled glass bulb. Now, the tip-plate distance was reduced to 5 mm. For such a configuration, the onset voltage for the atmospheric air discharge needs be over 2.4 kV, and the Trichel pulse in the discharge current appears only in the negative half period of the voltages applied here 13 (Fig. 3) . From the magnified pulse-a, we see that the front slope of the current pulse falls steeply, $10 ns-this is a character of streamer-while the back slope manifests a long dragging tail arising from the diffusion of ions. Again, as in Fig. 2, with increasing voltage, the discharge current shows only a reluctant increase in intensity but the Trichel pulses become multiplied. The multiplication of the current pulses differs in a rather significant way from that for the helium corona-assisted air discharge. In Fig. 3 , when the voltage was raised to only 2.7 kV, four pulses were visible in the negative half period. At even higher voltages, the number of pulses multiplied very quickly at the cost of pulse height. At 4 kV, the pulses in a portion of discharge current become indistinguishable that they merge into a hunch on the discharge current, see panels for 4 and 5 kV in Fig. 3 . To the knowledge of the authors, this phenomenon of merging Trichel pulses has not been discussed in literature.
By comparing Figs. 2 and 3 , the immediate effect of the helium-filled glass bulb partially containing the space of air discharge is to bring down the onset voltage. With the assistance of helium corona, the discharge of air at a needle-plate distance of 12 mm can be maintained at 1 kV, without it the air discharge at a needle-plate distance of 5 mm already dies 2011) out when the voltage is below 2.4 kV. Clearly, the helium gas sealed in the glass bulb begins to be discharged as a corona far before the electric field near the needle is capable of ionizing the air. This helium corona emits intense ultraviolet light, with the energy of photon at around 20 eV, 14 to bombard the air molecules, thus providing part of the seed electrons to effect the avalanche. Dielectric charging and metastable-surface effects associated with this setup may also be helpful to the breakdown of the surrounding air. Consequently, the air can be discharged at a much reduced voltage and in both half periods of the applied voltage. Moreover, since the air breaks down at a low voltage, the electric field that pushes the streamer is also low. The slow streamer propagation leads to a broad discharge current pulse similar to the case of glow discharge. 15, 16 In recent years, a huge demand has arisen for lowtemperature, atmospheric plasma to treat human body in vivo, e.g., sterilization of wounds. Towards this end, the safety concerning the application of plasma imposes an essential requirement on the technique to be employedshock hazard to the human body should be completely avoided. There are a few reports showing that the atmospheric pressure plasma jet can be directed onto the human body, where the operation voltages are generally at the order of 10 kV. 5 In order to provide more confidence for future users, we also made the safety test of our helium coronaassisted air discharge. Shifting the plate electrode toward the glass bulb such that the distance to the near end is only 1 mm, a similar voltage dependence of discharge current as in Fig. 2 can be obtained, but the onset voltage for the air discharge decreases to 750 V, and the discharge current becomes doubled. By pressing the plate electrode directly onto the glass cylinder, remember that now tip-plate distance is still 7 mm, the onset voltage can be further brought down to 550 V. Such a low voltage and a large distance (>7 mm), in conjunction to the rigid separation by a glass bulb, provide a guarantee for the safety of the apparatus. We exposed fingers to the helium corona-assisted air discharge, and no shock or prickling feeling was experienced. As comparison, without the glass bulb housing the needle, at 1 kV when the plate was brought to within 1 mm from the needle tip, air was broken down and the peak discharge current measured over 10 A. The safety for the helium corona-assisted air discharge can be further improved when the glass bulb and the needle would be assembled into a rigid and insulating housing. By coating the outer wall of the glass bulb with reflective metal film to direct the ultraviolet emission inward to the discharge space, the onset and operation voltage can be further reduced.
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IV. SUMMARY
In summary, a needle-plate system was devised to produce atmospheric air discharge by taking the advantage of helium corona surrounding the space of discharge, thus air discharge can be operated at much reduced voltages, and more importantly, with no consumption of the precious helium resource. The air discharge thus generated displays a few interesting features, including broad pulses of slow rising front slope, which appear in both half periods. The back slope is subject to violent oscillation only when the voltage is high. The whole setup can be enclosed in an insulating housing, making it a handy device, for improved safety. This technique opens the way for the safe and economic implementation of atmospheric plasmas of electronegative gases such as air or pure oxygen and can be easily applied to treatment of wounds, ozone generation, materials processing, etc.
